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Abstract 
When subjected to a sustained load, jammed colloidal gels can feature some delayed viscoplastic 
creep deformations. However, due to the long timescale of creep (up to several years), its 
modeling and, thereby, prediction has remained challenging. Here, based on mesoscale 
simulations of calcium–silicate–hydrate gels (C–S–H, the binding phase of concrete), we present 
an accelerated simulation method—based on stress perturbations and overaging—to model creep 
deformations in C–S–H. Our simulations yield a very good agreement with nanoindentation 
creep tests, which suggests that concrete creep occurs through the reorganization of C–S–H 
grains at the mesoscale. We show that the creep of C–S–H exhibits a logarithmic dependence on 
time—in agreement with the free-volume theory of granular physics. Further, we demonstrate 
the existence of a linear regime, i.e., wherein creep linearly depends on the applied load—which 
establishes the creep modulus as a material constant. These results could offer a new physics-
based basis for nanoengineering colloidal gels featuring minimal creep. 
 
Introduction 
        Jammed colloidal gels—i.e., aggregated systems made of interacting nanograins [1,2]—are 
widely used in many industrial fields [3–5]. When subjected to a sustained load, jammed 
colloidal gels can feature some delayed viscoplastic creep deformations that can ultimately result 
in macroscopic failure [6–8]. Specifically, creep deformations in calcium–silicate–hydrate (C–S–
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H) gels—the glue of concrete that forms upon the hydration of cement [5,9,10]—can decrease 
the lifespan of concrete structures [11–15]. This is significant as the maintenance or replacement 
of structures impacted by creep involves the use of large quantities of cement and concrete, 
which come with a significant environmental burden [6,16–18]. As such, the prediction of long-
term creep deformations in C–S–H (and colloidal gels in general) could facilitate the design of 
new binders featuring minimal creep. 
        However, although various models have been proposed to explain the origin of concrete 
creep [11,15,19–22], the prediction of long-term creep deformations remains challenging. This 
arises from the facts that (i) cement binders are complex, multi-scale materials [5,9,23], (ii) 
various scales (atomic, mesoscale, etc.) may contribute to controlling creep [12], and (iii) creep 
deformations are associated with extended timescales, which far exceed the timescale accessible 
to conventional computional simulation methods (e.g., molecular dynamics or coarse-grained 
mesoscale simulations) [6,24,25]. 
        To overcome the timescale limitation of conventional physics-based simulations techniques, 
we recently showed that stress perturbations cycles can be efficiently used to accelerate the aging 
of disordered, out-of-equilibrium materials [6,24,26]. Here, building on these ideas, we report 
some accelerated simulations of creep deformations in C–S–H based on the mesoscale model 
introduced by Masoero et al. [5]. We obtain a very good agreement with nanoindentation creep 
tests, which suggests that the reorganization of C–S–H grains at the mesoscale controls the creep 
of concrete. Based on these results, we show that the creep of C–S–H increases logarithmically 
with time, which is in line with experimental results from nanoindentation and with the 
predictions from the free-volume dynamics theory of granular physics [11,27]. Further, we 
establish the existence of a linear regime wherein creep deformations linearly depend on the 
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applied load, which allows us to define a “creep modulus” material constant. These findings 
could offer a new physics-based basis for nanoengineering colloidal gels featuring minimal creep. 
        This paper is organized as follows. In Sec. 2, we describe the methodology used herein to 
generate the C–S–H mesoscale configurations and model their creep deformations. In Sec. 3, we 
validate out simulations based on nanoindentation data and investigate the nature of creep 
deformations in C–S–H. Some consequences in the mechanism of creep in C–S–H are discussed 
in Sec. 4. Finally, some conclusions are presented in Sec. 5. 
Methods 
Preparation of the C–S–H configurations. We adopt here the colloidal model of C–S–H 
introduced by Masoero et al. [5,28], as it has been found to offer a realistic description of the 
mesoscale structure and nanomechanics of C–S–H [5,28,29]. In this model, the C–S–H gel is 
described as an ensemble of polydisperse spherical grains that interact with each other via a 
generalized Lennard-Jones interaction energy potential: 
                    
   
   
 
  
  
   
   
 
 
          (Eq. 1) 
where    and    are the diameters of grains   and  ,                is the average diameter for 
a given pair of atom,   is a parameter that controls the narrowness of the potential well,     is 
distance between the centers of the grains   and  , and          is the depth of the potential 
energy well. By considering each pair of grains in contact as two springs in series, the depth is 
given by                   
 , where       is a prefactor that is proportional to the bulk 
Young’s modulus   of a grain, wherein            (computed by the serial spring model) 
and        GPa (based on previous atomistic simulations of bulk C–S–H) [28,30].     
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  is a correction term arising from the serial arrangement. The potential defined in Eq. 1 
shows a minimum at      
 
     so that the effective diameter of a grain   is defined as      
  
 
  . The attractive force is maximum at a distance     
    
   
 
     so that, by choosing     , 
the tensile strain at failure               is close to the value of 5% obtained in previous 
atomistic simulation of bulk C–S–H [28,30,31]. 
        The C–S–H configurations are generated by grand canonical Monte Carlo (GCMC) 
simulations, as described in the following [5,29,32]. Starting from an initially empty cubic box 
with a size ranging from 600 to 920 Å, some C–S–H grains are iteratively inserted, wherein the 
size of each grain is randomly selected from a uniform distribution between a minimum    and a 
maximum    value. Experimentally, the polydispersity of the C–S–H grains is strongly 
supported by the absence of a clear characteristic size in SANS neutron scattering [9]. The 
standard deviation   of the distribution is then used to define the polydispersity index of the 
configuration as: [5,28] 
                                                               (Eq. 2) 
Here, various polydispersity values are considered, with   ranging from 3.0 to 35 nm, and the 
number of grains at saturation ranging from 1700 to 7000. In detail, each GCMC step comprises 
5 attempts of grain insertions or deletions followed by 500 attempts to randomly displace an 
existing grain. At each step, the probability of acceptance of the attempt is given by min   
                    [33–35], where    is the Boltzmann constant, T the temperature,    
the variation in potential energy caused by the trial move,    the variation in the number of C–
S–H grains, and µ the chemical potential, which is taken here as –2    based on previous 
studies [34]. This value ensures the formation of a realistic final structure within a reasonable 
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simulation time. Note that, here, the chemical potential does not bear a quantitative meaning and 
that small variation in the chemical potential do not significantly alter the structure and 
properties of the simulated C–S–H samples [33,34]. This process is iteratively repeated until the 
number of inserted grains reaches a plateau. Note that the GCMC process is performed at 
constant volume—so that some tensile pressure builds up in the system upon precipitation. At 
the end of the GCMC simulation, such pressure is released by subjecting the system to a 
molecular dynamics relaxation in the NPT ensemble at zero stress, eventually followed by a final 
energy minimization. The packing fraction   of each configuration is then computed as   
            
      , where   is the volume of the simulation box. Note that five independent 
simulations of C–S–H precipitation are performed for each degree of polydispersity to calculate 
the mean value and standard deviation of all the properties presented in the following. 
        In agreement with previous simulations [5,36], we observe that the C–S–H models that 
exhibit higher degrees of polydispersity eventually reach higher final packing fraction values—
as small grains are able to fill the space left in between larger grains (see Fig. 1). For 
monodisperse configurations, the packing fraction at saturation is found to be around 0.63, that is, 
close to the theoretical packing limit of random monodisperse spheres [37,38]. Further, we note 
that the evolution of the packing fraction at saturation with polydispersity is in good agreement 
with the range of data observed in previous simulations [5,36].  
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(a) (b) (c) 
Fig. 1: Snapshots of select (a) monodisperse (polydispersity index δ = 0, see Eq. 2) and (b) 
polydisperse C–S–H gel configurations (δ = 0.49). (c) Computed packing fraction (at saturation) 
of the C–S–H gel configurations as a function of the polydispersity index. The grey area 
indicates the range of data observed in previous simulations [5,36].  
 
Accelerated aging simulation methodology. We now focus on the methodology introduced 
herein to simulate creep. As mentioned above, the long-term nature of creep deformations far 
exceeds the typical timescale accessible to (coarse-grained) molecular dynamics simulations (i.e., 
from nano- to microseconds at most). Although kinetic Monte Carlo simulations could, in theory, 
describe the dynamics of the system over up to a few seconds, the application of this technique to 
polydisperse colloidal gels is challenging due to the high mobility of the small grains—which 
results in the existence of a large number of small energy barriers [25]. As such, the direct 
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simulation of the stress-induced creep deformation dynamics of C–S–H is, at this point, 
unachievable. 
        To overcome this limitation, we present here an accelerated simulation technique that is 
inspired by previous studies focusing on the relaxation of disordered atomic networks [6,24,26]. 
Refs. [24,26] provide some technical details on our accelerated method and offer an enthalpy 
landscape interpretation to the acceleration in the system dynamics that our technique yields. 
This technique relies on the application of small stress perturbations, which can accelerate the 
relaxation of out-of-equilibrium materials. Here, to simulate creep under sustained deviatoric 
load, the mesoscale C–S–H configurations are subjected an average shear stress    combined 
with small, cyclic perturbations of shear stress     (see Fig. 2). At each stress cycle, a 
minimization of the energy is performed, with the system having the ability to deform (shape and 
volume) in order to reach the target stress. 
        This method is inspired by the artificial aging and rejuvenation experienced by granular 
materials subjected to vibrations [39]. Namely, small vibrations can induce a compaction of 
granular materials, making the system overage. In contrast, large vibrations tend to randomize 
the grain configuration, which decreases the overall compactness and, therefore, makes the 
system rejuvenate. Similar ideas, relying on the energy landscape framework [7,8], have been 
applied to amorphous solids—based on the idea that an external stress tends to deform the 
energy landscape locally explored by the atoms. The application of a small external stress can 
result in the removal of some energy barriers existing at zero stress, thereby allowing some 
atoms to jump toward a new energy basin and relax to lower energy states. This transformation is 
irreversible as, once the stress is removed, the system remains in its aged state. In contrast, the 
application of a large stress can make the system move far from its initial state, which eventually 
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leads to rejuvenation—i.e., similar to thermal annealing [40]. As such, a succession of many of 
such small stress perturbations can be used to simulate the delayed relaxation of a disordered 
configuration subjected to a sustained load, i.e., creep. 
 
 
 
Fig. 2: Schematic presenting the stress perturbation cycles applied during our accelerated aging 
simulation method, where    is the average shear stress (i.e., causing the creep deformation of 
the colloidal C–S–H gel) and    is the amplitude of the stress perturbations. 
 
Results 
Logarithmic nature of creep in C–S–H. Figure 3 shows the evolution of the shear strain   of 
select C–S–H systems—under a sustained shear stress   —obtained using our accelerated 
simulation method. Overall, we observe that the application of the stress cycles results in a 
gradual increase in shear strain. Note that, at zero average shear stress (i.e.      MPa) no 
noticeable shear strain occurs (see Supplemental Material). Further, we note that  increases 
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logarithmically with the number of applied stress cycles N and linearly with the applied stress   . 
This suggests that the shear strain induced by creep can be expressed as: 
                                                      (Eq. 3) 
where C is the creep modulus and    a fitting parameter that is analogous to a relaxation time 
[6,11]. Note that the number of load cycles N has been demonstrated to be equivalent to a 
fictitious time t, that is,      , wherein    is a constant duration corresponding to each stress 
cycle [6,24,26]. This arises from the fact that the height of the energy barriers through which the 
system transits across each cycle, remains roughly constant over successive cycles [6] (see 
Supplemental Material). As such, on the basis of transition state theory, the time needed for a 
system to jump over an energy barrier EA is constant and proportional to exp(−EA/kT), where k is 
the Boltzmann constant and T the temperature [41]. However, the fictitious time associated with 
each stress cycle cannot be directly mapped into real time. In other words, we cannot ensure the 
trajectory of the C–S–H grains predicted by our accelerated simulation method is fully 
equivalent to the one that would be observed upon spontaneous creep. However, we previously 
demonstrated that macroscopic properties (e.g., strain), which are not very sensitive to the 
microscopic details of the system, exhibit a realistic evolution with the fictitious time [6]. The 
logarithmic nature of C–S–H creep observed herein is in good agreement with nanoindentation 
data [11,42] and such a logarithmic evolution has also been observed in the creep of various 
materials [43,44]. Similarly, a logarithmic compaction is also found in granular materials that are 
subjected to vibrations [39]. 
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Fig. 3: Computed shear strain in monodisperse colloidal C–S–H gels with respect to the number 
of stress perturbation cycles N and for select average shear stress    values. The amplitude of the 
stress perturbations    is here set as 30 MPa. The dashed lines are some logarithmic fits 
following Eq. 3. 
 
Linear regime and creep modulus as a material constant. We now focus on the dependence 
of the shear strain   on the applied shear stress   . As expected, we observe that the magnitude 
of the creep-induced deformation increases with increasing values of applied load (see Fig. 3). 
The relationship between   and    is effectively captured by the value of the creep modulus C—
which should be constant if   increases linearly with   . Note that monodisperse C–S–H 
configurations and small stress perturbation values (here taken as 30 MPa) are first considered in 
this section. 
        Figure 4a presents the evolution of the creep modulus, which is obtained by fitting the strain 
curves such as those presented in Fig. 3 by the logarithmic law given in Eq. 3. Interestingly, we 
observe that, at low    values, the value of the creep modulus is constant and does not depend on 
  . However, we note that the value of the creep modulus drastically decreases once the applied 
shear stress    exceeds a critical value (which is here found to be around 320 MPa). Note that, in 
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the low-stress regime, the    constant is also found to be constant, which indicates that the 
mapping between number of stress cycles and corresponding creep time does not depend on the 
applied load. 
        Importantly, the fact that the creep modulus exhibits a constant value upon the application 
of low loads suggests that, under this regime, creep deformations feature a linear dependence on 
the applied load (see Eq. 3), in agreement with nanoindentation data [11,42]. This observation 
also establishes the creep modulus as an intrinsic material constant, that is, that only depends on 
the material composition and structure [6]. In addition, the linear nature of creep observed herein 
strongly supports the fact that, despite the large difference in length and time scales, small-scale 
creep deformations obtained by nanoindentation (obtained over a few seconds) should yield 
similar values of creep modulus than macroscopic creep tests (obtained over much longer 
periods of time). 
 
Limits of the linear regime. We now investigate the origin of the departure from the linear 
regime at large stress (see Fig. 4a). To this end, Fig. 4b shows stress–strain behavior of 
monodisperse C–S–H under shear—wherein the C–S–H configuration is subjected to a pure 
shear deformation by gradually increasing the shear stress and performing an energy 
minimization after each increment of stress. As expected, we observe that, at low stress, shear 
stress increases linearly with shear strain, which characterizes a linear elastic deformation. We 
note that the system starts to exhibit some yielding around 600 MPa, which manifests itself by a 
deviation from linearity in the stress–strain curve and the existence of a residual permanent strain 
upon unloading.  Based on this result, we conclude that creep remains linear as long as the 
applied load remains low as compared to the yield point of the material. These results echo the 
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conclusions of a previous study, wherein it was found that a mathematical condition to have a 
constant creep modulus C is that the activation energy for the irreversible rearrangements 
increases as the logarithm of the shear strain—a condition that was found to be valid only when 
the applied stress is lower than the yield stress [45]. Here, the present results suggest that the 
linear regime of creep extends up to stress values that are about 60% of the yield stress threshold. 
This can be understood from the fact that, when the load approaches the yield point, the material 
starts to experience local yielding, which results in a drop in creep modulus—i.e., a drastic 
increase in creep compliance (see Fig. 4a). 
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Fig. 4: (a) Computed creep modulus C (see Eq. 3) in monodisperse colloidal C–S–H gels under 
varying average shear stress values    (for    = 30 MPa). The results are compared with 
experimental nanoindentation data (blue line) [11,42]. (b) Computed stress–strain curve in a 
monodisperse colloidal C–S–H gel upon shearing. The dash line is an unloading curve from the 
yield point (square point), where the residual strain is found to be 0.2%. In both panels, the grey 
window shows the range of average load values    wherein creep is linear. 
 
Aging and rejuvenation in C–S–H under stress perturbations. We now assess the influence 
of the amplitude of the stress perturbations used herein to accelerate the dynamics of C–S–H 
under creep. Figure 5a shows the creep modulus value C (computed under a constant shear stress 
of 100 MPa, i.e., in the linear regime) as a function of the amplitude of the stress perturbation   . 
We observe that, for low values of   , the obtained creep modulus remains largely constant. This 
indicates that, in this regime, the creep modulus value yielded by our methodology is not 
affected by the specific choice of   —which is an important observation that confirms the 
reliability of our approach. 
        However, we observe that C suddenly increases when    becomes larger than a threshold 
value (found to be around 45 MPa herein). This indicates that the accelerated creep of the system 
is only achieved over a certain range of stress perturbation magnitude (i.e., less than 45 MPa). In 
contrast, larger values of stress perturbation amplitude do not result in any significant creep 
deformation, which manifests itself by an increase in C—i.e., an increase in the apparent 
resistance to creep under fixed external load. 
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        This observation can be understood as a balance between stress-induced overaging and 
rejuvenation. Indeed, as mentioned above, it has been observed that the application of a small 
stress tends to make a system overage (i.e., accelerate the spontaneous aging of an out-of-
equilibrium system) by deforming the energy landscape and suppressing some preexisting 
energy barriers [40,46]. In turn, the application of a large stress can induce some rejuvenation by 
significantly moving the system away from its initial position in the energy landscape [8,40,46]. 
To demonstrate the effect, we compute the potential energy U of a monodisperse C–S–H system 
having experienced upon creep a constant shear strain deformation (  = 0.2%). Figure 5b shows 
the evolution of U as a function of the stress perturbation amplitude    used to stimulate creep. 
We observe that, for small values of    (i.e. less than 45 MPa), the energy of the system remains 
fairly independent of   . In contrast, for larger values of   , we observe a significant increase in 
U. This confirms that large values of stress perturbations amplitude results in a rejuvenation of 
the system, that is, a destabilization toward higher energy states. This a posteriori confirms that 
the energy state of the system experiencing creep is not affected by the choice of    as long as 
no rejuvenation is induced. 
 
  
(a) (b) 
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Fig. 5: (a) Computed creep modulus C (see Eq. 3) in monodisperse colloidal C–S–H gels under 
varying stress perturbation amplitudes    (for    = 100 MPa). The results are compared with 
experimental nanoindentation data (blue line) [11,42]. (b) Computed molar potential energy of 
monodisperse colloidal C–S–H gels at fixed shear strain deformation (  = 0.2%) under select 
stress perturbation amplitudes    (for    = 100 MPa). In both panels, the grey window shows the 
range of    values wherein C is constant. 
 
Experimental validation of our accelerated simulation technique. Having established the 
range of    values for which our methodology yield an accelerated creep dynamics without 
inducing any rejuvenation, we are now in position to compare our computed results with those 
obtained experimentally. Note that such a direct comparison may be challenging due to the fact 
that the state of stress experienced in experiments (e.g., nanoindentation) can significantly differ 
from that imposed herein. Nevertheless, the fact that (i) the value of the creep modulus and (ii) 
the nature of the mapping between number of stress cycles and corresponding creep time both do 
not depend on the applied load (see Sec. 3.2) makes it possible to meaningfully compare 
computed and experimental data. 
        Based on these observations, we now assess the effect of the packing density of C–S–H on 
its creep modulus and compare the outcome to nanoindentation data [11,42]. The 
nanoindentation experiments—whose outcomes are used herein to validate our simulations—
were conducted on cementitious binders formed upon the hydration of ordinary portland cement 
[11]. The creep modulus was determined by applying a constant load and measuring the time-
dependent displacement of the indenter. A clustering algorithm was used to isolate the properties 
of C–S–H from those of the other phases [11]. Figure 6a shows the shear strain exhibited by C–
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S–H configurations for select packing density values. Overall, we observe the conclusions 
previously established in the case of monodisperse C–S–H are retained for polydisperse systems, 
namely, (i) creep exhibits a logarithmic dependence on time, (ii) creep is load-linear as long as 
the applied stress remains smaller than the yield stress of the system, and (iii) the value of the 
computed creep modulus is independent of the amplitude of the stress perturbations as long as no 
rejuvenation is induced. This allows us to compute the evolution of the creep modulus as a 
function of packing density following Eq. 3. As shown in Fig. 6b, we observe that the creep 
modulus increases with increasing values of C–S–H packing density. Importantly, we obtain an 
excellent agreement between simulation and nanoindentation data [11,42], which strongly 
supports the ability of our model and accelerated simulation method to offer a realistic 
description of the creep of C–S–H. 
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(a) (b) 
Fig. 6: (a) Computed shear strain in polydisperse colloidal C–S–H gels with respect to the 
number of stress perturbation cycles and for select packing densities ϕ (with    = 100 MPa and 
   = 30 MPa). The dashed lines are some logarithmic fits (see Eq. 3). (b) Computed creep 
modulus C (see Eq. 3) of C–S–H as a function of the packing fraction. The results are compared 
with experimental nanoindentation data [11] and data from a previous atomistic simulation of 
creep in bulk C–S–H at ϕ = 1, that is, with no porosity [6]. The solid line is a power-law fit (see 
Eq. 4). 
 
Discussion 
        The good agreement between the creep modulus data presented in Fig. 6b with 
nanoindentation suggests that the mesoscale model of C–S–H is able to properly capture the 
mechanism of creep in C–S–H and, in turn, that other features that are not considered by the 
present model do not necessarily need to be accounted for to model C–S–H creep (see below). 
This shows that, under load, the creep of C–S–H occurs via some structural reorganization within 
the mesoscale structure of C–S–H. Specifically, the fact that our mesoscale model of C–S–H is 
based on grains of constant geometry suggests that creep does not arise from time-dependent 
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variations in the volume or shape of the C–S–H grains, but rather arise from some reorganization 
in the mesoscale structure of the grains. Nevertheless, such mesoscale rearrangements 
necessarily occur through some atomic-scale deformations at the interface between C–S–H 
grains. Then, the fact that the present mesoscale model yields some creep modulus values that 
are in good agreement with experiments although it only considers spherical grains suggests the 
shape of the grains may not have a first-order effect on the height of the energy barriers that need 
to be overcome upon creep. In addition, since the present mesoscale model relies on a spherical, 
isotropic description of the C–S–H grains, our results suggest that the relative orientation of the 
C–S–H grains with respect to each other may not affect creep to the first order—which may arise 
from the fact that the local packing density has a first order effect in controlling the magnitude of 
the energy barriers in such dense systems. Finally, the fact that our model does not incorporate 
any transversal force opposing the sliding among particles suggests that frictional and shearing 
effects acting the level of the interlayer space in the C–S–H grains are not necessarily the sole or 
main factor responsible for creep of C–S–H, which in agreement with previous studies [47,48]. 
        Overall, our results suggest that the nature of C–S–H creep is primarily nanogranular. This 
is also supported by the logarithmic time-evolution of creep (see Sec. 3.1), which can elegantly 
be explained by the free-volume theory (FVT) in granular physics. In details, FVT assumes that 
the creep/aging of the system occurs via some structural reorganization of the grains that jump 
into some local free space—so that the changing rate of the packing density    (and, hence, the 
creep deformation rate   ) is expected to be proportional to the amount of holes that are larger 
than the grain size. It is then assumed that that size of the holes (i.e., local free volume  ) 
exhibits a Poisson’s distribution      
 
 
          , wherein   the average free volume per 
grain. The normalized amount of accessible holes per jumping grain can be expressed as the 
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probability of holes that are larger than the grain size ( ), that is,      
 
 
            . As 
such, FVT predicts that the deformation rate     decreases exponentially as a function of the 
excluded volume  , i.e.,             . Further, one gets               
   
        , wherein   represents the packing density of current aging system and    is 
the ultimately limit packing density (note that, at the vicinity of the jamming threshold,      
    ). Finally, the time integration of              yields           , so that        
[11,27]. 
        The nanogranular nature of C–S–H’s creep is also supported by the dependence of the creep 
modulus on the packing density (see Fig. 6b). In details, we find that the evolution of the creep 
modulus can be well described by a power law: [11,42] 
           
                                                 (Eq. 4) 
where  is the power law exponent and    the value of the creep modulus at zero porosity (i.e., 
   ). This trend can be understood from the fact that C–S–H must exhibit a minimum packing 
fraction that is larger than 0.5 to present a percolated structure featuring a non-zero stiffness, 
hardness, and resistance to creep [9,29]. Starting from this threshold, the increase in C (i.e., 
increase in C–S–H’s resistance to creep) with increasing packing density is consistent with the 
free-volume theory framework [27]—since the level of free space ( ) accessible to the C–S–H 
grains decreases upon increasing packing density  . In details, the relationship: 
                             
                                 (Eq. 5) 
established above based on the FVT framework suggests that the deformation rate    decreases 
(and, therefore, that the resistance to creep C increases) with increasing packing density. From a 
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mechanism viewpoint, this trend suggests that, by filling the existing free space left in the 
mesostructure, the presence of small C–S–H grains in between the larger C–S–H grains 
effectively reduces the number of possible structural reorganizations and, thereby, reduces the 
propensity for creep. Finally, it should be pointed out that, although our results are consistent 
with free-volume theory, our simulations do not exclude other possible physical origins. Clearly, 
more work is needed to further investigate the nature of the structural reorganization occurring 
during creep. 
        Note that the present results do not involve that the atomic structure and composition of the 
C–S–H grains is irrelevant. Actually, these atomic details are already embedded in the effective 
potential energy governing the mutual interactions between each pair of C–S–H grains 
(following Eq. 1). Namely, a variation in the atomic composition and structure of the C–S–H 
grains would affect the values of the parameters used in Eq. 1, which, in turn, would change the 
dynamics of creep. In fact, the role of the atomic scale is captured in the C0 term in Eq. 4, that is, 
the creep modulus at zero porosity (i.e., in the absence of any free volume). Notably, the creep 
modulus at zero porosity that can here be obtained by extrapolating our computed results toward 
ϕ = 1 is in very good agreement with the data predicted by atomic-scale molecular dynamics 
simulations (see Fig. 6b) [6,15]. This highlights the importance of both the atomic and mesoscale 
structure in controlling the creep of cementitious binders. 
Conclusions 
        To summarize, by accelerating the aging of the C–S–H mesostructure when subjected to a 
sustained load, our accelerated simulation method can properly describe the long-term creep of 
C–S–H and yield a quantitative agreement with experimental nanoindentation data. We observe 
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that the creep of C–S–H exhibit a logarithmic dependence on time and a linear dependence on 
the applied load—which supports the nanogranular nature of C–S–H creep. Importantly, this 
work offers the first consistent description of the effect of packing on the propensity for creep of 
C–S–H. Our modeling framework now makes it possible to further investigate the structural 
mechanism of creep in C–S–H gels, explore the potential for the discovery of creep-resistant 
structures, and investigate the effect of each of the hypothesis/parameters of our model. From a 
practical viewpoint, our methodology can be used to predict the long-term creep deformation of 
C–S–H gels, which is challenging to access experimentally due to associated time and length 
scales [11,42]. More generally, our accelerated aging methodology is generic and can be applied 
to investigate the mechanism(s) governing the relaxation of out-of-equilibrium phases, e.g., 
glassy, colloidal, or granular materials. 
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